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Abstract: Molecular divergence between Gossypium klotzschianum and G. davidsonii was 
studied. The former is endemic to five of the larger islands of the Galapagos, while G. 
davidsonii is restricted to the southern half of Baja California, approximately 2 500 km 
distant. A substantial body of genetic and taxonomic data suggests that these two species 
are related as progenitor and derivative. Interspecific hybrids are fully fertile, with no 
evidence of F2 breakdown and normal segregation of genetic markers. Allozyme analysis 
of 33 populations for 41 loci indicated that the allelic composition of G. klotzschianum 
represents a subset of G. davidsonii. Although genetic diversity is relatively restricted in 
both species, calculated measures demonstrate higher levels of genetic variability and greater 
population structuring in G. davidsonii than in G. klotzschianum. The interspecific genetic 
identity of 0.87 is typical for progenitor-derivative species pairs. Chloroplast DNAs were 
surveyed for variation with 25 restriction enzymes using hybridization probes that cover 
the entire chloroplast genome. No intraspecific and little interspecific variation was detected 
among 560 cpDNA restriction sites, representing sequence information for approximately 
3 200 nucleotides. Only 3 mutational differences distinguished the two species, resulting in 
a sequence divergence estimate of 0.09%. Divergence times were estimated from both the 
isozyme data and the cpDNA restriction site data. Although these estimates have several 
sources of error, both molecular data sets were congruent in suggesting that the two lineages 
diverged between 250 000 and 700 000 years ago. Accumulated evidence suggests that dis-
persal was from Baja California to the Galapagos Islands rather than the reverse, and most 
likely was mediated by trans-oceanic drift. G. klotzschianum may be the only species of the 
endemic Galapagos flora to have arisen from a northern Mexican progenitor. 
The Galapagos Islands occupy a unique place in the development of evolutionary 
thought. Ever since CHARLES DARWIN's famous visit to the archipelago in 1835, 
biologists have been captivated by their unique biota. This interest has been stim-
ulated, in part, by the historical importance of DARWIN's voyage, but it also has 
been prompted by the isolated nature of the islands, which allowed colonization 
and evolutionary divergence to be studied in relatively undisturbed natural labo-
100 J. F. WENDEL & A. E. PERCIVAL: 
ratories. Approximately 500 species of vascular plants are indigenous to the Gala-
pagos, of which approximately 200, or 40%, are endemic (PoRTER 1983, 1984a, b). 
Most of the endemics have their closest known relatives in adjacent S. America, 
which is approximately 1000 km distant. Similarly, an overwhelming proportion 
of the islands' non-endemic indigenous species also occur on the mainland. PoRTER 
(1983, 1984 a, b) has suggested that over 90% of the introductions that led to the 
establishment of the native flora originated in western S. America. He further 
suggests that a minimum of approximately 400 successful dispersal events are 
necessary to account for the native flora. Most estimates of the age of the islands 
range from 3 to 4 million years (Cox 1983, SIMKIN 1984); thus, a successful intro-
duction must have occurred, on average, every 8- 10 000 years. 
An exception to these phytogeographic generalities is offered by a species pair 
in the genus Gossypium L., which contains approximately 40 species distributed 
throughout the warm, arid regions of the world (FRYXELL 1979). It includes the 
cultivated cottons, consisting of the Asiatic diploids G. arboreum and G. herbaceum 
(2 n = 26) and the American tetraploids G. barbadense and G. hirsutum (2 n =52). 
Among the 13 diploid species native to the western hemisphere are G. klotzschianum 
ANDERSS. and G. davidsonii KELL. The former is endemic to the Galapagos, having 
been reported from 5 of the larger islands (Floreana, Isabela, Marchena, San 
Cristobal, and Santa Cruz; STEPHENS & RicK 1966; PERCIVAL, pers. obs.). Gos-
sypium davidsonii is restricted to the southern half of Baja California, from the 
extreme southern tip northward to Bahia de la Concepcion (PHILLIPS & CLEMENT 
1967). This area is approximately 2500km from the Galapagos. The close rela-
tionship between the two species is supported by numerous lines of evidence (re-
viewed below). Accordingly, G. klotzschianum may be the only species of the endemic 
Galapagos flora to have arisen from a northern Mexican progenitor (cf. PoRTER 
1983, 1984a, b). 
Because the age of the Galapagos Islands is known within reasonable limits, 
the maximum divergence time of G. davidsonii and G. klotzschianum is better known 
than for most other plant species pairs. Moreover, a wealth of background infor-
mation supports their progenitor-derivative status. These features offer an excep-
tional opportunity to document evolutionary divergence within a known time frame. 
The primary objective of the present study was to determine the extent of molecular 
evolution that has occurred between these two species. We studied both isozyme 
divergence and restriction site variation in chloroplast DNA; thus, comparative 
divergence amounts are estimated for two different plant genomes using the same 
set of plant materials. A second objective was to compare levels of genetic variation 
in this continental-island progenitor-derivative species pair. In addition, evidence 
for the close relationship between the two species is reviewed, new data are provided, 
and possibilities concerning the long-distance dispersal event that led to the evo-
lution of G. klotzschianum are discussed. 
Material and methods 
Plant material. Accessions of G. davidsonii and G. klotzschianum were obtained from several 
sources. Most of the 17 accessions of G. davidsonii included in the present study were 
collected by L. PHILLIPS & D. CLEMENT, who made extensive field collections in 1963 in 
Baja California del Sur (PHILLIPS & CLEMENT 1967). Orignal field-collected seed for most 
accessions were obtained from C. R. PARKS. The 16 accessions of G. klotzschianum were 
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Table 1. Geographic sources of accessions of Gossypium davidsonii and G. klotzschianum. 
a Locality information for G. davidsonii is from L. L. PHILLIPS (pers. comm.), who collected 
the bulk of the accessions in 1963. Seed of all accessions is deposited at the National 
Collection of Gossypium Germplasm, College Station, Texas 
Number Name Locality of initial collectiona 
Gossypium davidsonii 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
D3ctl 
D3ct2 
D3ct3 
D3ct4 
D3ct6 
D#lO 
D#l6 
D#l8 
D#20 
D#22 
D#24 
D#27 
D32a 
D32b 
D97 
D3ctL 
D3du 
Between La Paz and Los Planes, Baja California 
Near San Pedro, Baja California 
Near Cabo San Lucas, Baja California 
Baja California 
Baja California 
Between Todos Santos and La Pastora, Baja California 
Between San Pedro and El Triumfo, Baja California 
Near Los Barriles, Baja California 
Bahia de Palmas, Baja California 
Rancho El Anhelo, Baja California 
Near Santiago, Baja California 
Near Punta Palmilla, Baja California 
Near Cabo San Lucas, Baja California 
Near Cabo San Lucas, Baja California 
Near El Carrizal, Baja California 
Baja California 
Baja California 
Gossypium klotzschianum 
18 D3k3 Galapagos 
19 D3k6 Santa Cruz, Galapagos 
20 D3k 7 13 km SW of Baltra Crossing, Santa Cruz, Galapagos 
21 D3k19 N of Wreck Bay, San Cristobal, Galapagos 
22 D3k22 4km SE of Point Finger, San Cristobal, Galapagos 
23 D3k37 Sapho Bay, San Cristobal, Galapagos 
24 D3k43 Lobos Bay, San Cristobal, Galapagos 
25 D3k45 Conway Bay, Santa Cruz, Galapagos 
26 D3k47 Las Bachas Cove, Santa Cruz, Galapagos 
27 D3k51 Borrero Bay, Santa Cruz, Galapagos 
28 D3 k54 Puerto Ayora, Baltra rd. K 30, Santa Cruz, Galapagos 
29 D3k55 Puerto Ayora, Baltra rd. K 34, Santa Cruz, Galapagos 
30 D3 k56 Puerto Ayora, Baltra rd. K 36, Santa Cruz, Galapagos 
31 D3k57 Puerto Ayora, Baltra rd. K39, Santa Cruz, Galapagos 
32 D3k58 Puerto Ayora, Baltra rd. K 40, Santa Cruz, Galapagos 
33 D3kU Galapagos Islands 
collected from populations on Santa Cruz (9 sites) and San Cristobal (4 sites) islands of 
the Galapagos in 1983. The geographic origins of populations are given in Table 1 and 
illustrated in Fig. 1. Precise locality information is lacking for several accessions of both 
species obtained from the National Collection of Gossypium Germplasm, College Station, 
Texas. Vouchers from the 1963 collections of G. davidsonii are at NHSC. Seed was increased 
in 1986 and 1987 for all accessions of both species at Iowa State University greenhouses; 
vouchers were deposited at ISC. 
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Fig. 1. Geographic relationship between Baja California del Sur and the Galapagos Islands. 
Locations of populations sampled are shown for Gossypium davidsonii (upper inset) and 
G. klotzschianum (lower inset); these are identified by their number (Table 1). Precise locality 
information is not available for several populations of both species 
Our observations and those of others (PHILLIPS & CLEMENT 1967, STEPHENS & RicK 
1966) indicate that populations of G. davidsonii and G. klotzschianum exhibit little mor-
phological variation, both in nature and in culture. Population sizes are often small and 
restricted to several individuals, although larger populations are occasionally observed. 
This is particularly likely for G. klotzschianum collections from Santa Cruz, where sites 
appear to cover the entire NW. side of the island. Both species are self-compatible and 
freely set seed in insect-free greenhouses without hand pollination. Reflecting this population 
structure and mating system, our initial screens for isozyme variation revealed little intra-
populational genetic variation. Consequently, sample sizes for isozyme analyses ranged 
from 4- 12 per accession (mean = 8). 
Isozyme analysis. Starch gel electrophoresis was performed on extracts of leaf tissue 
and on seeds that had been imbibed for 24 h. Sample preparation consisted of placing 
approximately 40 mg of tissue in a 0.5 ml microfuge tube and homogenizing it with a power-
driven acetal pestle (on ice) in 75J.Ll of75 mM Na-phosphate, pH 7.5, containing 0.5% BSA, 
5% (w/v) sucrose, 10% (w/v) polyvinylpolypyrrolidone, 14mM mercaptoethanol, 100mM 
ascorbic acid, 10 mM dithioerythritol, and 10 mM diethyldithiocarbamate. Extracts were 
frozen at- 70 oc until electrophoresis. 
All enzymes were separated in 12.8% (w/v) starch gels. Prior experimentation allowed 
the selection of 22 enzymes that could be satisfactorily and consistently resolved from 
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extracts derived from small amounts of tissue. Six different combinations of enzymes and 
electrophoretic buffer systems were required. Aspartate aminotransferase (AA T), ~-galac­
tosidase (GAL), glutamate dehydrogenase (GDH), catalase (CAT), and phosphoglucose 
isomerase (PGI) were separated using a modification of the buffer system ofPouLIK (1957); 
gel and electrode buffers were 76 mM Tris- 5 mM citrate, pH 8.6, and 0.3 M boric acid 
titrated to pH 8.0 with NaOH, respectively. Resolution of endopeptidase (ENP), glutamate-
pyruvate transaminase (GPT) and triose-phosphate isomerase (TPI) was accomplished with 
an electrode buffer consisting of0.19 M boric acid adjusted to pH 8.3 with lithium hydroxide 
(final LiOH molarity is approximately 0.038) and gels prepared with a buffer that consisted 
of 1 volume of electrode buffer for every 9 volumes of 52 mM tris-8 mM citrate (pH adjusted 
to 8.3 with citric acid). Morpholine-citrate gels (CLAYTON & TRETIAK 1972) were used for 
shikimate dehydrogenase (SKD), 6-phosphogluconate dehydrogenase (PGD) and both 
leucyl- and arginyl-specific forms of aminopeptidase (LEU and ARG, respectively); the 
electrode buffer consisted of 40 mM citric acid titrated to pH 6.1 with N-(3-aminopropyl)-
morpholine; gels were prepared with a 1 : 20 dilution of the electrode buffer. Histidine-
citrate gels were used to resolve alcohol dehydrogenase (ADH); NADP-isocitrate dehy-
drogenase (IDH), malate dehydrogenase (MDH), and phosphoglucomutase (PGM). The 
gel buffer was a 1 : 6 dilution of the electrode buffer (65 mM L-histidine, 19 mM citrate, 
pH 6.5). Resolution of aconitate hydratase (ACO), acid phosphatase (ACP) and NADH-
dehydrogenase (="menadione reductase", NAD) was achieved using an electrode buffer 
consisting of 135 mM Tris-43 mM citrate, pH 7.0 and gels prepared as 1 : 15 dilutions of 
the electrode buffer. Glutamate synthetase (GS), florescent esterase (EST), and formate 
dehydrogenase (FDH) were resolved on tris-borate gels. The gel buffer was a 1 : 3 dilution 
of the electrode buffer (180mM Tris- lOOmM boric acid-4mM EDTA, pH8.6). Enzymes 
were visualized using staining methods detailed in WENDEL & WEEDEN (1989). 
Genetic interpretations of isozyme and allozyme variation patterns were based on both 
direct and inferential methods. Formal· genetic analysis of an interspecific F2 progeny 
substantiated 7 of the 13 polymorphic loci revealed in our surveys. The genetic control of 
the remaining polymorphic loci was postulated based on observed patterns of variation, 
typical patterns of subcellular localization and gene expression in other plants, and knowl-
edge of the quaternary structure of the protein products (reviewed in WEEDEN & WENDEL 
1989). Additional support for these interpretations comes from numerous genetic progenies 
between other diploid cotton species (SUITER 1988; WENDEL, unpubl.). Invariant regions 
of activity were scored conservatively; a single locus was hypothesized, even though the 
possibility of comigration of duplicated products cannot be ruled out. This possibility arises 
from the apparent presence of gene duplications for many diploid Gossypium isozyme 
systems (SuiTER 1988; WENDEL, unpubl.), a result that is not surprising given the relatively 
high chromosome numbers (2 n = 26). Loci encoding the most anodally migrating isozyme 
for each enzyme system were assigned the numerical designation 1, with additional loci 
numbered sequentially in order of decreasing electrophoretic mobility. Similarly, allozymes 
at each locus were given numerical designations in order of decreasing electrophoretic 
mobility. 
Chloroplast DNA analysis. Genomic DNA's were isolated from leaves of two accessions 
roplast DNA clones described by SYTSMA & GOTTLIEB (1986; original source: J.D. PALMER) 
fication of the CTAB (hexadecyltrimethylammonium bromide) procedure outlined in 
DoYLE & DoYLE (1987). Fresh leaves (1 g) were powdered in liquid nitrogen and stored 
at - 70 ·c until extraction. Leaf powders were ground in 60 ·c mortars and pestles with 
7.5ml6o·c CTAB. Subsequent steps were as described in DoYLE & DoYLE (1987), except 
that DNAs were not precipitated from the chloroform-extracted aqueous phase; rather, 
CsCl density gradient centrifugation was required (Beckman VTi65 rotor, 50 000 rpm) to 
obtain DNA of sufficient purity for efficient digestion by all restriction enzymes employed. 
Approximately 1 )lg DNA was digested with each of 25 restriction endonucleases: Apa LI, 
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Avai, BamHI, Bgll, Bg/11, EstEll, Clai, Drai, EcoRI, EcoRV, Hindiii, Hinfl, Kpni, 
Mlu I, Pall, Pst I, Pvu II, Sacl, Sacii, Sail, Sea I, Sma I, Sty I, Xba I, and Xho I. The 
restricted DNAs were electrophoresed for 15 h in horizontal 0.8% agarose gels with a 
running buffer of 100 mM Tris-acetate, 1 mM EDT A (pH 8.1 ). DNA fragments were trans-
ferred to nylon membranes (GeneScreen Plus) according to the manufacturer's protocol 
(New England Nuclear). Nylon filters were pre-hybridized in 1 M NaCl, 1% SDS and 5% 
dextran sulfate for 1 h at 65 °C. Membrane-bound DNAs were hybridized to 32P-dCTP 
labelled probes prepared from heterologous chloroplast DNA clones using random hexamer 
primer extension (FEINBERG & VoGELSTEIN 1983, 1984). All Pst I and Sail Petunia chlo-
roplast DNA clones described by SYTSMA & GoTTLIEB (1986; original source: J.D. PALMER) 
were used as probes, except P 19 and P 20. Approximately 98% of the Petunia chloroplast 
genome is represented in the clones used. Autoradiograms were produced by exposing 
hybridized membranes to X-ray film (Kodak XAR-5) for 2 h to 2 days. cpDNA fragment 
sizes were estimated using a maximum likelihood method (ScHAFFER & SEDEROFF 1981) 
with labelled Hindiii-digested lambda DNA as standards. 
Results 
Allozyme variation. 11 of the 22 enzyme systems examined were invariant for the 
same isozymes in both species. These were postulated to be under the genetic control 
of 15 loci: CAT(l); ENP(l); EST(2); FDH(l); GAL(l); GDH(l); GPT(l); 
GS(l); MDH(4); NAD(l); and SKD(l). These gene number estimates are min-
ima, in that several faint or poorly resolved isozymes are not included. For the 
remaining 11 enzyme systems, polymorphisms were observed in at least one zone 
of activity in one or both species. Our estimate is that these 11 enzymes are encoded 
by a minimum of26 genetic loci: AAT( 4); ACO( 4); ACP(l); ADH(2); ARG(l); 
IDH(l); LEU (I); PG/(2); PGD(3); PGM(3); TPI( 4). A total of 41 genetic loci 
were examined in the present study. 
Levels of genetic variation in both species are low. 10 of the 41 loci surveyed 
were polymorphic in G. davidsonii (P= 24%), with most accessions fixed for a single 
variant at every locus (range of P per population = 0% -7.3%). All but one of 
these loci (Pgm 1) were minimally polymorphic, in that only 2 alleles were detected. 
Variability in G. klotzschianum was even lower; four polymorphic loci were ob-
served, although no population had more than a single polymorphic locus 
(P= 9.7%; range per population = 0%- 2.4%). Three of the four polymorphic 
loci observed in G. klotzschianum were invariant in G. davidsonii; the single shared 
polymorphism was at Leu 1, where both alleles were detected in both species. 
Estimates of the mean number of alleles per locus (including monomorphic loci) 
were calculated to be 1.27 and 1.10 in G. davidsonii and G. klotzschianum, respec-
tively. Heterozygosity in both species was also extremely limited; only five indi-
viduals were heterozygous at a single locus in G. davidsonii, whereas no hetero-
zygotes were detected in G. klotzschianum. 
Allelic frequencies for each locus, locality and species are given in Table 2. These 
data highlight the low level of intra-populational variation in both species. They 
also illustrate that little divergence has arisen among populations of G. klotzschi-
anum. Most populations of G. klotzschianum are fixed for the same allele at nearly 
all loci. All individuals of the four populations from San Cristobal (#'s 21- 24) 
were electrophoretically identical, and low levels of inter-population variation were 
found for sites from Santa Cruz. Variation among sites in G. davidsonii is consid-
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erably greater, as a result of the fixation of alternate alleles at polymorphic loci in 
different combinations in different populations. Geographic relationships of the 
distribution of G. davidsonii alleles among populations appears to be random, 
however. These differences in interpopulational variation between the two species 
are quantified by the genetic distance (D) and identity (I) statistics of NEI (1978); 
D ranged from 0 to 0.060 for pairs of G. klotzschianum populations (means: 
D = 0.013; I= 0.987). In contrast, values of D for pairs of G. davidsonii populations 
ranged from 0 to 0.182, with mean D and I values of0.086 and 0.917, respectively. 
Of the 27 alleles detected at the 13 polymorphic loci shown in Table 2, 10 were 
restricted to G. davidsonii while 3 were unique to G. klotzschianum; 14 alleles were 
shared by both taxa. One of the alleles unique to G. klotzschianum (Adh2-12) is 
a rare variant that was detected in a single population from Santa Cruz; the other 
two (Idh 1-9, Acp 1- 8) were detected on both islands. No single locus clearly 
demarcates the two species, although they are nearly fixed for alternate alleles at 
Arg 1 and Idh 1. The allelic profile of G. klotzschianum represents, for the most 
part, a subset of those possessed by G. davidsonii. This is reflected in high interspecific 
genetic distance and identity estimates, which are 0.142 (range = 0.090 to 0.242) 
and 0.868 (range = 0.785 to 0.913), respectively, for pairwise comparisons among 
populations. 
Genetic segregation and linkage analysis. Segregation of allozyme loci was studied 
in a single F2 family. This progeny was generated by self-pollination of the hybrid 
between individuals from the accessions D#24 and D3kU. All seven loci that dis-
tinguished the parents segregated in accordance with Mendelian expectations (Table 
3). Although only seven allozyme loci segregated in the progeny examined, three 
of these loci (Tpi 1, Pgm 1, and Pgi 2) appear to be closely linked. This is a remarkable 
observation, given the small number of segregating markers and a haploid com-
plement of 13 chromosomes. No recombinants were observed between Pgm 1 and 
Pgi 2; the maximum likelihood estimate of the recombination percentage between 
Tpi 1 and Pgm1- Pgi2was calculated to be 5.9% ± 1.8%. Joint segregation among 
these three loci has not been tested in Asiatic Gossypium (SUITER 1988), but this 
same linkage appears to exist in Australian species (WENDEL, unpubl.). 
Restriction site variation in chloroplast DNA. 25 restriction enzymes were used 
to digest DNAs from both species. Approximately 560 restriction sites were assayed, 
representing sequence information for about 3 200 nucleotides, or 2.1% of the 
genome (estimated to be 148 kb; GALAU & WILKINS 1989). 
No intraspecific and little interspecific variation was detected among the cpDNA 
restriction sites. 557 of the 560 sites were shared by both species. Two restriction 
sites appear to have been lost in G. klotzschianum (polarized relative to other 
cottons), a Hinf I site leading to the gain of a 1.39 kb fragment and loss of 0.98 kb 
and 0.41 kb fragments, and a Cia! site resulting in the gain of a 6.91 kb fragment 
from fragments of length 6.58 kb and 0.33 kb. A third mutation was the loss/gain 
of a 3.88 kb Sty I fragment in G. davidsonii, presumably from the loss/gain of a 
site that splits this into two fragments oflengths 3.31 and 0.57 kb in G. klotzschianum 
(site not polarized). Sequence divergence among the two chloroplast genomes was 
estimated to be 0.091% ± 0.037% by the method of NEI & Lr (1979); a second 
estimate was derived by assuming that a single nucleotide difference was responsible 
for each of the three restriction site changes. Convergence in this data set is highly 
improbable, so this simple method is probably justified. With 3 200 nucleotides 
surveyed and 3 changes, sequence divergence is calculated to be 0.094%. 
Table 2. Allele frequencies in Gossypium davidsonii and G. klotzschianum. Locality information for each accession listed in Table 1 
-0 
0\ 
(A) Gossypium davidsonii 
Allele 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 Mean 
Aat 1-4 0.00 0.00 0.00 0.00 0.00 0.45 0.39 1.00 1.00 1.00 0.56 0.20 0.00 0.20 1.00 1.00 0.00 0.35 
-6 1.00 1.00 1.00 1.00 1.00 0.55 0.61 0.00 0.00 0.00 0.44 0.80 1.00 0.80 0.00 0.00 1.00 0.65 
Aco2-2 0.00 0.00 0.72 0.00 0.00 1.00 1.00 1.00 0.56 1.00 0.00 0.00 0.00 1.00 0.00 0.33 0.00 0.38 
-4 1.00 1.00 0.28 1.00 1.00 0.00 0.00 0.00 0.44 0.00 1.00 1.00 1.00 0.00 1.00 0.67 1.00 0.62 
Acp1-4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
-8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Adh2-8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
-12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Arg 1-3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.56 0.40 0.89 
-7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.44 0.60 0.11 
Idh1-7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
-9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Leu1-3 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 1.00 0.22 1.00 0.72 
-4 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.78 0.00 0.28 
Pgd2-4 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.88 ;--< 
-6 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 ~ 
Pgi2-4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00 0.77 ~ 
-6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.23 trl 
Pgm1-4 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.47 z tJ 
-5 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.24 trl I:'" 
-6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 1.00 0.00 1.00 0.29 ?." 
Pgm2-4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 0.94 ~ 
-6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.06 ~ 
Tpi 1-4 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 0.75 0.00 1.00 1.00 1.00 1.00 1.00 1.00 0.86 "'0 trl 
-6 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 ::0 (') 
Tpi2-4 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 1.00 0.05 0.00 0.00 0.00 0.53 < 
-5 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 1.00 0.00 0.95 1.00 1.00 1.00 0.47 > r: 
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Table 3. Single-locus segregation ratios for allozyme loci in an interspecific F2 between 
Gossypium davidsonii and G. klotzschianum (n = 88). a Alleles contributed by G. davidsonii 
and G. klotzschianum are listed first and second, respectively. b Progeny classes listed in 
the following order: homozygotes for the G. davidsonii allele, heterozygotes, homozygotes 
for the G. klotzschianum allele c 2 degrees of freedom; none of the X2 values listed are 
significant at the 0.05 level 
Locus Alleles a No. observedb Chi-squarec 
Aco2 2,4 29:39:20 2.98 
Acpl 4,8 27:43: 18 1.89 
Argl 3,4 26:40:22 1.09 
Idhl 7,9 20:52:16 3.27 
Pgi2 6,4 16:42:30 4.64 
Pgml 4,6 16:42:30 4.64 
Tpil 6,4 16:44:28 3.27 
Discussion 
Comparative variability and population structure. Populations of G. davidsonii (PHIL-
LIPS & CLEMENT 1967) and G. klotzschianum are usually small and often consist 
of several to several dozen individuals. They are usually isolated from each other 
by considerable distances, although extensive areas of G. klotzschianum occur in 
the NW. side of Santa Cruz Island (collections by A. E. PERCIVAL). In addition, 
both species are self-compatible and probably set seed predominantly by selfing 
(close juxtaposition of anthers and stigma; both species fruit readily in greenhouses 
without manipulation). Reflecting this population structure and the high level of 
inbreeding, little morphological variation is evident within populations. PHILLIPS 
& CLEMENT (1967), however, noted considerable inter-population variation in G. 
davidsonii for several morphological features, including types and amount of pu-
bescence, anthocyanin coloration, leaf and bracteole shape and locule number. 
Populations of G. klotzschianum appear to be more uniform, with little apparent 
population differentiation. 
These morphological observations are closely paralleled in the allozyme data. 
Genetic variation in accessions of either species is very slight, and there is a near 
absence of heterozygosity. All measures calculated demonstrate that the amount 
of inter-population divergence is higher in G. davidsonii than in G. klotzschianum: 
mean number of alleles per polymorphic locus (1.85 vs 1.31); proportion of poly-
morphic loci (24% vs 10% ); and inter-population genetic identities (0.917 vs. 0.987). 
This is also illustrated by the results of principal component analysis (Fig. 2), where 
considerably less dispersion is evident among G. klotzschianum populations than 
G. davidsonii populations (PCA performed on each species separately gives essen-
tially the same pictorial representation of population relationships; data not pre-
sented). The PCA also illustrates the lack of geographic clustering among G. dav-
idsonii populations and the clustering of G. klotzschianum populations into two 
weakly differentiated groups. 
Origin of G. klotzschianum. G. davidsonii and G. klotzschianum are included in 
a geographically and cytologically (D-genome) distinct assemblage of 13 New World 
diploid (n= 13) cottons (FRYXELL 1979, FRYXELL & KocH 1987). The center of 
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Fig. 2. Principal component analysis based on the variance-covariance matrix of allozyme 
gene frequencies for 33 populations of G. davidsonii and G. klotzschianum. The first and 
second principal component account for 44.2 and 14.5% of the variance, respectively. Two 
main clusters are evident, corresponding to G. davidsonii (positive PCA 1 scores) and G. 
klotzschianum (negative PCA 1 scores). Populations are identified by number as listed in 
Table 1; those separated by commas are indistinguishable from each other 
diversity for this assemblage is in western and northern Mexico, where 12 of the 
13 species are found. Apart from G. klotzschianum, the only other S. American 
diploid is G. raimondii, which has a restricted range in western Peru. G. raimondii 
is in a different section of the genus (FRYXELL 1979) and is genetically rather distant 
from G. davidsonii and G. klotzschianum, as judged from morphology, isozyme data 
and cpDNA data (WENDEL, unpubl.). Other species that occur in Baja California 
are G. armourianum KEARNEY and G. harknessii BRANDEG. The close relationship 
between G. davidsonii and G. klotzschianum has long been recognized; indeed, 
HuTCHINSON & al. (1947) reduced G. davidsonii to a variety of G. klotzschianum. 
Most of the morphological features of the two species are similar, and differences 
are quantitative rather than qualitative, i.e., G. davidsonii has smaller flowers, 
bracteoles and leaves than G. klotzschianum, and G. davidsoniitends to have a more 
compact habit than G. klotzschianum, which often develops into an open shrub 
(HuTCHINSON & al. 1947; PHILLIPS & CLEMENT 1967, and pers. obs.). These dif-
ferences appear to be genetically conditioned, in that they are maintained in green-
house culture in Iowa. In addition to their morphological similarity, hybrids between 
the two species are easily synthesized and are fully fertile; pairing at meiosis is 
normal with the formation of 13 bivalents (PHILLIPS 1966), there is no evidence of 
F2 breakdown (HuTCHINSON & al. 1947; WENDEL, unpubl.), and F 1 pollen stain-
ability is near 100% (WENDEL, unpubl. ). A close genetic relationship is also indicated 
by normal segregation of isozyme markers in the interspecific F2 (Table 3); in 
contrast, distorted segregation is often observed in other interspecific hybrids in 
Gossypium and is taken as an indicator of cryptic differentiation (STEPHENS 1949, 
1950). 
In contrast to this extremely close relationship, all other D-genome cottons are 
morphologically distinct from G. davidsonii and G. klotzschianum. Moreover, G. 
davidsonii and G. klotzschianum are genetically isolated from related species by a 
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well-characterized genetic lethality system: hybrids between either G. davidsonii and 
G. klotzschianum and most other Gossypium spp. are easily formed, but the embryos 
become moribund or the seedlings die early in development (PHILLIPS 1977). LEE 
1981, 1986) has shown that this lethality is conferred by an allele (Ledav) restricted 
to G. davidsonii and G. klotzschianum. 
Thus, an extensive body of evidence supports the close relationship between G. 
davidsonii and G. klotzschianum and their isolation from all other taxa. This suggests 
that the two species represent either a progenitor-derivative species pair or that 
they recently diverged from a common and now extinct ancestor. While this latter 
possibility cannot be refuted with certainty, there is no evidence (e.g., distributional) 
to support it and it is considered unnecessarily complicated. Several authors, in-
cluding STEPHENS & RICK (1966) and PHILLIPS (1966), have noted that the widely 
disjunct distributions of the two species are most easily accomodated by hypoth-
esizing a single trans-oceanic dispersal·event from Baja California to the Galapagos 
Islands. The involvement of a third species (perhaps in C. or S. America) is con-
sidered less likely because it involves additional dispersal events from areas where 
no close relatives of G. davidsonii or G. klotzschianum are known to exist. The 
distributional and molecular data suggest that the dispersal was from north to 
south rather than the reverse, i.e., that G. davidsonii is the progenitor taxon and 
that G. klotzschianum is the derivative. 
Allozyme divergence. If our interpretation is correct that G. klotzschianum orig-
inated from G. davidsonii, several predictions arise regarding allelic distributions 
and levels of variation. All of these are predicated on the assumption that the origin 
of G. klotzschianum is relatively recent, and that it suffered a severe genetic bot-
tleneck as a consequence of a founding event. Foremost among these is that G. 
klotzschianum should possess limited allelic novelty; the spectrum of alleles observed 
should be a subset of those observed in G. davidsonii, with few unique alleles. This 
prediction leads logically to another, i.e., that interspecific genetic identities will 
be similar to or slightly lower than intraspecific identities in the parent species. 
Similarly, one would expect that other measures of genetic variability would be 
lower in G. klotzschianum than in G. davidsonii, such as total allelic richness and 
percent polymorphism. 
All of these predictions are supported by the allozyme data gathered. To a large 
extent the allelic composition of G. klotzschianum represents a subset of G. david-
sonii: The two species are fixed for the same allele at 28 of 41loci; for the majority 
of polymorphic loci the most common allele was the same in both species; G. 
davidsonii possesses 10 unique alleles whereas only 3 alleles were uniquely detected 
in G. klotzschianum. Although genetic diversity is relatively restricted in both species, 
calculated measures substantiate higher levels of genetic variability in G. davidsonii 
than in G. klotzschianum: allelic diversity is higher, with 24 and 17 alleles detected 
at 13 polymorphic loci in G. davidsonii and G. klotzschianum, respectively; the 
proportion of polymorphic loci (24% vs 10%) and mean number of alleles per 
polymorphic locus (1.85 in G. davidsonii, 1.31 in G. klotzschianum) are higher. Mean 
genetic identity (0.868) between populations of the 2 species (136 comparisons) is 
lower than among populations of either species (0.917 and 0.987 in G. davidsonii 
and G. klotzschianum, respectively) but is within the range of values observed for 
conspecific populations in other plants (CRAWFORD 1983, 1985; LovELESS & HAM-
RICK 1984). Moreover, the range of genetic identities between populations of G. 
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klotzschianum and G. davidsonii overlaps with inter-populational genetic identities 
in G. davidsonii. 
These genetic data are in many respects similar to those obtained with other 
progenitor-derivative species pairs, including Camassia (RANKER & ScHNABEL 
1986), Clarkia (GoTTLIEB 1974), Coreopsis (CRAWFORD & SMITH 1982), Lasthenia 
(CRAWFORD & al. 1985), Layia (GoTTLIEB & al. 1985), and Stephanomeria GoTTLIEB 
1973). In all of these examples the derivative taxa exhibited relatively high genetic 
identities with their progenitors and were comparatively depauperate in their allelic 
compositions. The genetic identity between pairs of G. davidsonii and G. klotzsch-
ianum populations (0.868) is at the low end of the range of values reported for 
progenitor-derivative species pairs, which typically are between 0.90 and 0.99. In 
contrast, genetic identities for congeneric species not related in this fashion are 
usually much lower, with a mean of approximately 0.60-0.70 (CRAWFORD 1983, 
GoTTLIEB 1981). 
Most of the taxa listed above are annuals or short-lived perennials. Although 
there are no other woody progenitor-derivative species pairs with which to compare 
our data, several studies document divergence on oceanic islands or between insular-
continental species pairs. Perhaps the example most similar to the present study is 
that of CRAWFORD & al. (1985), who investigated divergence between Lasthenia 
minor, which occurs in mainland California, and its derivative L. maritima, which 
is restricted to offshore islands and seabird rocks. These two annuals are morpho-
logically similar and produce fertile hybrids. Little divergence was observed at 
allozyme loci, with interpopulation genetic identities as high as those from inter-
specific comparisons. Genetic diversity in the derivative, however, was only 50% 
of that observed in its progenitor, despite the greater aggregate range of L. maritima. 
This difference in diversity was attributed to a switch from outcrossing to selfing. 
The most striking examples of island speciation accompanied by scant allozyme 
divergence occur in Tetramolopium (LowREY & CRAWFORD 1985), Bidens (HELEN-
URM & GANDERS 1985), and Dendroseris (CRAWFORD & STUESSY 1987). 11 and 19 
species of Tetramo!opium and Bidens have evolved in Hawaii, respectively, appar-
ently from single ancestral introductions; mean interspecific genetic identities are 
exceptionally high (0.95) in both genera. Similarly, little electrophoretic divergence 
exists among 11 species of Dendroseris, which are restricted to the Juan Fernandez 
archipelago off the west coast of Chile. The age of these islands is thought to be 
approximately 4 million years (STUESSY & al. 1984), or roughly the same age as 
the oldest of the Galapagos Islands. These examples highlight the evolutionary 
posibility of extensive morphological speciation following a single introduction, 
unaccompanied by electrophoretic divergence. In contrast, only a single relatively 
uniform species has arisen in Gossypium. 
Chloroplast DNA divergence. Because the chloroplast genome is a slowly evolving 
molecule (PALMER 1985, 1987; PALMER & STEIN 1986), and because only 2 accessions 
per species were examined, it is not surprising that no variation was detected within 
either species. Between species variation was also slight; 557 of the 560 restriction 
sites were shared, reflecting a sequence divergence between G. davidsonii and G. 
klotzschianum of 0.091%. This value is comparable to estimates obtained for closely 
related species in other genera, including Pisum (0.1-0.8%; PALMER & al. 1985), 
Zea (0.03-0.24%; DoEBLEY & al. 1987), and Lycopersicon (0-0.7%; PALMER & 
ZAMIR 1982). Included in these studies is a second Galapagos Islands- continental 
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species pair, i.e., Lycopersicon cheesmanii and the Peruvian L. pimpinellifolium (RicK 
1983, RICK & FoBES 1975). cpDNA sequence divergence is this species-pair 
(0.035%) is low; only one restriction site change was observed among 484 sites 
surveyed (PALMER & ZAMIR 1982). This value is of the same order as that observed 
for G. davidsonii and G. klotzschianum. 
Time of origin of Gossypium klotzschianum. The allozyme and restriction site 
data are fully concordant with evidence from cytogenetics, morphology, breeding 
studies and distributional data in supporting the hypothesis that G. klotzschianum 
originated from long-distance dispersal of a G. davidsonii-like ancestor. Because 
the oldest part of the Galapagos archipelago is 3 to 4 million years old (Cox 1983, 
SIMKIN 1984), we know the maximum age of divergence. It is of interest to attempt 
to correlate this geological evidence with independent estimates of the timing of 
dispersal from the genetic data. 
With respect to the isozyme data, divergence times may be estimated given 
certain assumptions about mutation rates and a constant "ticking" of a molecular 
clock. Several methods of estimating time since divergence are available (LEDIG & 
CoNKLE 1983, NEI 1987, PRAGER & al. 1976). The most widely employed method 
for allozyme data is that of NEI (1987): Time (t) = D/2 a, where D is the standard 
genetic distance and a is the substitution rate per locus per year (usually approx-
imately w- 7 per locus per year, NEI 1987). In the present application, 
D = 0.142 ± 0.061; t = (5 x 106)D, or 710 000 ± 305 000 years. 
Formal methods are lacking for the estimation of divergence times from sequence 
divergence values derived from restriction site analysis of cpDNA. Substitution 
rates have been estimated for several chloroplast genes; these are between 0.12 and 
0.16% per million years (ZURAWSKI & al. 1984, ZURAWSKI & CLEGG 1987). It is 
not clear that nucleotide substitutions accumulate linearly over time or at equivalent 
rates among plant lineages, nor is it known if substitution rates calculated from 
information on specific gene sequences are applicable to data derived from restric-
tion enzyme analysis of entire chloroplast genomes. If, however, these potential 
sources of error prove to be unimportant, the time of origin of G. klotzschianum 
may be estimated. Assuming an average sequence divergence rate of 0.14% per 
million years, and with a sequence divergence estimate of 0.091% ± 0.037% for the 
cpDNAs of G. davidsonii and G. klotzschianum, divergence time is estimated to be 
650 000 ± 264 000 years. 
Numerous assumptions and sources of error underly both of the above sets of 
calculations, and it should be stressed that these estimates are considered approx-
imations. Nonetheless, it is striking that there is such close agreement in divergence 
times derived from two different plant genomes which are probably evolving at 
different rates. 
Concluding remarks. All accumulated evidence supports the interpretation that 
G. klotzschianum arose via long-distance dispersal from a G. davidsonii-like pro-
genitor in Baja California. The data also suggest that the timing of this event was 
sometime between 250 000 and 700 000 years ago. The greatest development of G. 
klotzschianum populations occurs in the geologically oldest part of Santa Cruz, 
suggesting the possibility that this region represents the founding location. An un-
solved mystery concerns the mode of transport of the founder of G. klotzschianum 
over approximately 2 500 km of open ocean. No obvious means of dispersal other 
than passive seems to exist. Avian dispersal is considered unlikely in that birds 
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have not been observed to collect the seeds, which are lintless and contain the toxin 
gossypol. Although G. davidsonii usually occurs inland from the shoreline, it is 
near enough to the ocean to have seeds and fruits blown into the sea during storms. 
Seeds of G. davidsonii retain their viability after prolonged periods of immersion 
in seawater, although they sink rapidly (STEPHENS 1958). In this regard it is par-
ticularly noteworthy that fully mature but un-dehisced capsules will float in salt-
water tanks for up to 3 weeks (STEPHENS 1958). It is tempting, therefore, to speculate 
that a floating fruit reached the Galapagos by oceanic drift, perhaps as a hitch-
hiker on some form of natural raft. Although present ocean currents appear in-
appropriate for this dispersal pattern, the occasional convergence of the NW -SE 
flow of the California Current with the Equatorial Counter Current seems to provide 
this possibility. It is also possible that currents were more suitable at some time in 
the past. In contrast, the Humboldt Current sweeps northward along the west coast 
of S. America and then turns west, directly towards the Galapagos; this, in fact, 
is undoubtedly a significant factor in the floristic affinities between the Galapagos 
and westernS. America (PoRTER 1983, 1984 a, b). In spite of this problem, no clear 
alternatives to the scenario of trans-oceanic drifting exist. Rather than forcing us 
to reject long-distance oceanic drift, the lack of a direct connection in ocean currents 
between the Galapagos and Baja California serves simply to underscore the rarity 
of the dispersal event, and hence the unique nature of the phytogeographic asso-
ciation between G. davidsonii and G. klotzschianum. 
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